Humans spend most of their day in an upright position, and although many disease symptoms are more remarkable in a standing position versus supine position, there are currently very few methods to analyze the effects of gravity on pathophysiology and anatomical structures throughout the upright human body. X-ray examination can provide images of a subject in a standing position^[@bib1]^; however, it is a projection image, rather than a cross-sectional image. Cone beam computed tomography (CT) can provide cross-sectional images in a standing position; however, the resulting soft tissue information is insufficient due to its low contrast.^[@bib2],[@bib3]^ Furthermore, scan range is often limited because of its narrow bore size^[@bib4]--[@bib6]^; however, a new type of cone beam CT has recently been developed that enables imaging of central joints, such as the spine.^[@bib7]^ Thus, its clinical applications remain limited to high-contrast tissues, such as dentition or extremities.^[@bib2],[@bib3]^

Computed tomography has provided cross-sectional images of the whole body, including soft tissue in a supine position, since its initial development in 1972.^[@bib8]^ At that point, there were plans to develop this modality for use in the standing position; however, this was not realized due to difficulties associated with keeping subjects in a standing position for the length of time needed to obtain images of the entire body. In the late 1990s, upright magnetic resonance imaging (MRI) with an open configuration was introduced, which enabled the visualization of cross-sectional images in the upright position with high-contrast soft tissue images.^[@bib9]--[@bib11]^ However, the strength of the magnetic field is low (0.2 to 0.6 T) in this method, compared with that of widely used conventional MRI (1.5 T or 3.0 T); thus, signal-to-noise ratio, contrast, and resolution are lower than those of conventional MRI.^[@bib12],[@bib13]^ As a result, longer examination time is necessary to achieve appropriate image quality, which causes motion artifacts in the standing position.^[@bib13]^ Overall, the effects of gravity on the entire body, as well as on its internal systems, have not been well evaluated; the effects of gravity on the pelvic floor have been evaluated primarily in the sitting position, rather than the standing position.^[@bib10]^ Furthermore, due to the inability to obtain 3-dimensional imaging, there is difficulty in using upright MRI to evaluate small structures, such as the canal and lateral recess of the spine, when sections or image planes are not accurately matched to the anatomical structure.^[@bib12]^

Currently, 0.5-second scanning per rotation is clinically available in CT, which enables 3-dimensional imaging of the torso in less than 15 seconds using 64-row or 80-row detector CT. In addition, with the reemergence of reconstruction techniques in 2009,^[@bib14]^ the radiation dose necessary for CT has dramatically decreased.^[@bib15]^ Currently, chest CT images are available at a dose of 0.12 mSv, nearly equal to that of a simple chest x-ray examination.^[@bib16]^ As the use of CT has resulted in shorter scanning times, fewer radiation doses, and an ability to obtain functional information, we proposed and developed an upright CT scanner for the entire body, in conjunction with Toshiba Medical Systems (now known as Canon Medical Systems).

The purpose of our study was to (1) evaluate the physical performance of upright CT using a phantom; (2) evaluate the workflow efficacy of upright CT and the effects of gravity on a large circulation system and the pelvic floor by employing volunteers, both of which have been poorly evaluated in the standing position; and (3) describe the potential clinical impact of upright CT using patient data.

MATERIALS AND METHODS
=====================

Constitution of Upright CT
--------------------------

Our upright CT system is capable of up-and-down movements of a transverse 320 row-detector gantry (isotropic 0.5 mm in detector size), with a 0.275-second gantry rotation speed, maximum vertical speed of 100 mm/s, and a 1200 view, at optimal performance (Fig. [1](#F1){ref-type="fig"}, see Supplementary Video 1, Supplemental Digital Content 1, <http://links.lww.com/RLI/A473>, which demonstrates the up-and-down movements of upright CT). The gantry for this device includes a stand that supports the rotary on either side; it also contains the linear motion rail and ball screw to move the scanner up and down. To achieve the up-down motion of the heavy rotary with a high-speed, high-precision rotation with the least amount of vibration for reduction of motion artifacts, and accurate horizontal position of the gantry during rotation, implemented technologies included a high-speed movement control mechanism, a horizontal compensation mechanism, and a rotating part structure with high rigidity. The maximum and minimum scan heights relative to the floor were 175 cm and 40 cm, respectively. The minimally required footprint of upright CT would be two thirds of that of conventional 320 row-detector CT.

![Upright CT machine and tools for safety. Our upright CT system enables up-and-down movements with a transverse 320 row-detector gantry. A, Gantry in the up position. B, Gantry in the down position. C, Knee-high acrylic wall encircling the body. D, Pole to lightly support the back of the patient.](rli-55-73-g001){#F1}

For safety during scanning, the area cover was equipped with a pinch prevention mechanism and contact interlock control mechanism. A knee-high acrylic wall encircling the body was also added to prevent falls. Furthermore, to stabilize patients when standing, a back support pole was included (Fig. [1](#F1){ref-type="fig"}). The pole is 2.3 m long and made of carbon; it is mounted between the floor and top of the system. The mounting position can be adjusted based on the patient\'s bodily dimensions or the scan conditions.

Phantom Study
-------------

We evaluated the physical performance using the Catphan 504 phantom (The Phantom Laboratory, Salem, NY) to determine whether image quality degradation was present, by adapting the up-down moving system in upright CT. This phantom included CTP528, CTP486, and CTP404 components (Fig. [2](#F2){ref-type="fig"}). We compared spatial resolution, noise characteristics, and CT numbers between the upright CT and a conventional 320-detector row CT scanner (Area detector CT: Aquilion ONE Vision edition, Canon Medical Systems, Otawara, Japan). We examined spatial resolution by analyzing the modulation transfer function (MTF) in xy-plane and in z-axis using the CTP528.^[@bib17]--[@bib19]^ We examined noise characteristics by analyzing the noise power spectrum (NPS) in-plane using the CTP486.^[@bib20]--[@bib22]^ Lastly, we examined CT numbers using the CTP404. The scanning protocol and analysis method are shown in Table [1](#T1){ref-type="table"}. To improve the accuracy of data, 5 scans were performed with the same table position in all data sets, and a total of 5 curves were averaged for each CT scanner. All data were analyzed by using ImageJ (US National Institutes of Health, Bethesda, MD).

![CT images of Catphan 504 consisted of CTP528, CTP486, and CTP404. A, CTP528 for MTF (modulation transfer function) contains a bead point source. B, A region of interest (ROI) of 100 cm^2^ (256 × 256 pixels) was placed on the center of the image of CTP486 for NPS (noise power spectrum). C, CTP404 for CT number measurements contains inserts made of air, polymethylpentene (PMP), low-density polyethylene (LDPE), polystyrene, acrylic, Delrin, and Teflon.](rli-55-73-g002){#F2}
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Scanning Parameters of Phantom Study

![](rli-55-73-g003)

Volunteer Study and Patient Study
---------------------------------

We conducted a prospective pilot study in which healthy volunteers were recruited to investigate the effects of gravity on a large circulation system and the pelvic floor. We also performed a second pilot study of patients with functional disease. The volunteer and patient studies were approved by the ethical committee of our institute, and written consent was obtained from all participants (UMIN Clinical Trials Registry \[UMIN-CTR\]: UMIN000026586, UMIN000026953, UMIN000030386).

There were 32 consecutive asymptomatic volunteers from a volunteer recruitment company, consisting of 16 men and 16 women. Four men and 4 women, from the third, fourth, fifth, and sixth decades of life, were enrolled in this study. To evaluate normal whole-body anatomy, volunteers with a history of smoking, diabetes, hypertension, dyslipidemia, awareness of dysuria, or those who had undergone a surgical operation or were currently undergoing treatment were excluded.

The volunteers prospectively underwent both upright CT and conventional 320-detector row CT (Aquilion ONE, Canon Medical Systems) on the same day for head and body trunk, separately. Head scans were performed in the sitting position in a chair, and body trunk scans were performed in the standing position using the pole, as well as with the aid of a knee-high acrylic wall encircling the body. The scan lengths for the head and body trunk were adjusted to be identical between supine and upright CT scans. Only data for the body trunk were analyzed in this study. For the body trunk, scanning was performed at 120 kVp, 0.5 seconds of gantry rotation, helical scan mode (80-row detector), with a noise index of 15 and helical pitch of 0.8 for the abdominal CT. The calculated acquisition time was 13.7 ± 0.6 seconds, and the field of view and average scan length were 50 cm and 833.4 mm (range, 770--900 mm), respectively. Image reconstruction was performed using Adaptive Iterative Dose Reduction 3D. Supine CT was performed first, followed by upright CT. The effective dose estimate for the body trunk was 9.3 ± 2.2 mSv for supine CT and 8.9 ± 2.0 mSv for upright CT.

We conducted a questionnaire survey at the end of the examinations of the body trunk regarding stability when using the pole throughout the acquisition, as well as safety and comfortability throughout the examination. The question regarding stability was a closed question: volunteers answered "yes" if they felt sufficient stability, and "no" if they felt any instability. Questions regarding safety and comfortability were 5-point scales, where 5 indicates "totally agree" (very safe or very comfortable) and 1 indicates "totally disagree" (dangerous or uncomfortable).

We measured the examination time for the body trunk scan. The total examination time included (1) time taken for the patient to enter the room and be positioned for the scan (entry time); (2) time taken to acquire 2 scout scans of front and lateral views, as well as 1 main scan (total operation time); and (3) time taken for the patient to disengage and exit the room (exit time). The "total access time" refers to the sum of the entry and exit times. To maintain consistency, times were measured by the same radiographer for all examinations. We compared total access time and total operation time between supine and upright CT scans.

Measurements of area size and flattening (\[major axis -- minor axis\]/major axis) of the vena cava were manually performed on orthogonal cross-sectional areas at 3 different points using a commercially available workstation (Vitrea, Canon Medical Systems): superior vena cava (SVC) directly below the junction of bilateral cephalic veins, a point at the height of the diaphragm, and inferior vena cava (IVC) directly above the junction of the bilateral common iliac veins (Fig. [3](#F3){ref-type="fig"}). These measurement points of SVC and IVC were selected because the change in area seemed remarkable. Measurements of the aorta were made at the sinotubular junction (ascending aorta), a point at the height of the diaphragm (identical to that measured for the vena cava), and a point directly above the bifurcation point of the bilateral common iliac artery. The distances from the bladder neck to the pubococcygeal line (PC line)^[@bib23]^ and from the anorectal junction (defined as the posterior aspect of the puborectalis muscle sling) to the PC line were measured for the pelvic floor^[@bib24]^ (Fig. [4](#F4){ref-type="fig"}).

![Measured points on the vena cava. Each coronal reformatted unenhanced CT image demonstrates the 3 points where the area size and flattening (\[major axis -- minor axis\]/major axis) measurements of the vena cava were performed. These points include (1) directly below the junction of the bilateral cephalic veins, (2) at the height of the diaphragm, and (3) directly above the junction of bilateral common iliac veins. A, Supine position (thoracic). B, Upright position (thoracic). C, Supine position (abdominal). D, Upright position (abdominal).](rli-55-73-g004){#F3}

![Measurement of the pelvic floor. A, From bladder neck to PC line. B, From anorectal junction to PC line. Dotted line indicates PC line (pubococcygeal line); black line, bladder neck; white line, anorectal junction.](rli-55-73-g005){#F4}

For all 32 volunteers, the first vessel diameter measurement was performed by a cardiovascular radiologist with 12 years of experience and the first pelvic floor measurement was performed by a genitourinary radiologist with 10 years of experience. A second measurement of 16 initial volunteers was performed by the same reader to assess intraobserver agreement 1 month after the first reading. To assess interobserver agreement, vessel diameter measurements of 16 initial volunteers were performed by a different general radiologist with 5 years of experience. All measurements were performed in a blinded and randomized manner.

We also performed both CT examinations on 3 patients. The first patient had a case of suspected spondylolisthesis and was scanned with automatic exposure control (tube current modulation) using a noise index of 24, a slice thickness of 5 mm, and a peak tube voltage of 100 kVp in both the supine and upright positions. The second patient had a case of suspected pelvic floor prolapse and was scanned with automatic exposure control using a noise index of 18 and a peak tube voltage of 100 kVp in both the supine and upright positions. The third patient had a case of suspected inguinal hernia and was scanned with automatic exposure control using noise indexes of 15 and 24 and peak tube voltages of 120 and 100 kVp in the supine and upright positions, respectively. For the third patient, 120 kVp CT images in supine position had been previously obtained during routine examination before the patient was enrolled in our study, and thus, we did not take any additional images with the patient in the supine position.

Statistical Analysis
--------------------

Data are presented as mean ± standard deviation. Differences in the examination time, area and flattening of vessels, and position of the pelvic floor between upright and supine positions were assessed using the Wilcoxon signed-rank test. Differences in age and in deviation of the pelvic floor between men and women were assessed using the Mann-Whitney *U* test. A *P* value of less than 0.05 (2 sided) was considered significant. Interobserver and intraobserver agreements were evaluated by measuring intraclass correlation coefficients. All data were analyzed using a commercially available software program (SPSS version 24; IBM SPSS, Armonk, NY).

RESULTS
=======

Phantom Study
-------------

Both noise characteristics and spatial resolution of upright CT were comparable to those of conventional CT (Fig. [5](#F5){ref-type="fig"}). The average CT number of upright CT was within the specification range of the Catphan 504 manual, similar to conventional CT (Table [2](#T2){ref-type="table"}).

![Noise power spectrum and MTF curves of upright CT and supine CT. Both noise characteristics (noise power spectrum) and spatial resolution (modulation transfer function) of upright CT were comparable to those of conventional CT. A, NPS (noise power spectrum). B, MTF (modulation transfer function) in xy-plane. C, MTF in *z*-axis.](rli-55-73-g006){#F5}
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CT Numbers Measured in Upright CT and Described in Catphan 504 Manual

![](rli-55-73-g007)

Volunteer Study
---------------

The average age of the subjects was 48.4 ± 11.5 years (range, 30--68 years), and their average BMI was 22.5 ± 3.0 kg/m^2^ (range, 16.7--30.6 kg/m^2^). There was no significant difference in age between women and men (48.4 ± 10.2 vs 48.4 ± 13.0, *P* = 1.00). Among the 16 women, 9 had given birth and 7 had not. The main scan time was 13.7 ± 0.6 seconds for scans of 833.4 ± 1.5 mm in both supine and upright scans.

The results of the questionnaire survey were that all volunteers answered "yes" regarding stability when using the pole. The average safety rating was 4.2 (15 ratings of 5, 7 ratings of 4, and 10 ratings of 3; Fig. [6](#F6){ref-type="fig"}A). The average comfortability rating was 3.8 (7 ratings of 5, 12 ratings of 4, and 13 ratings of 3; Fig. [6](#F6){ref-type="fig"}B).

![Results of the questionnaire survey. The average rating for safety throughout examination (A) was 4.2. The average rating for comfortability throughout examination (B) was 3.8. Scale: 5 = excellent, 4 = good, 3 = fair, 2 = unsatisfactory, 1 = bad.](rli-55-73-g008){#F6}

The total access time was significantly shorter in upright CT than in supine CT (upright: 41 ± 9 seconds vs supine: 91 ± 15 seconds, *P* \< 0.001, respectively; Fig. [7](#F7){ref-type="fig"}, see Supplementary Video 2 (upright CT), Supplemental Digital Content 2, <http://links.lww.com/RLI/A474> and Supplementary Video 3 (supine CT) Supplemental Digital Content 3, <http://links.lww.com/RLI/A475>, which demonstrates that the length of time from entering the room to starting the scan is markedly shortened in upright CT). There was no significant difference in the total operation time between the 2 positions (upright: 167 ± 22 seconds vs supine: 168 ± 31 seconds, *P* = 0.736; Fig. [7](#F7){ref-type="fig"}).

![Total access time and total operation time. "Total access time" refers to the sum of the entry and exit times. Total access time (A) was significantly shorter in upright CT than in supine CT, while total operation time (B) was similar between the 2. Box plot shows the 5th and 95th (vertical lines), 25th and 75th (Boxes), and 50th (horizontal line) percentile values for total access time or operation time (excluding outliers and extreme values). \**P* \< 0.001.](rli-55-73-g009){#F7}

In the upright position compared with the supine position, the area of the vena cava was significantly smaller by 80% at the SVC (upright: 39.9 ± 17.4 mm^2^ vs supine: 195.4 ± 52.2 mm^2^, *P* \< 0.001) but larger by 37% at the IVC (upright: 346.6 ± 96.9 mm^2^ vs supine: 252.5 ± 93.1 mm^2^, *P* \< 0.001). The degree of flattening was greater by 56% at the SVC (upright: 0.42 ± 0.14 vs supine: 0.27 ± 0.12, *P* \< 0.001) but smaller by 58% at the IVC (upright: 0.15 ± 0.08 vs supine: 0.36 ± 0.16, *P* \< 0.001). Both were not significantly different at the level of the diaphragm (upright: 428.3 ± 87.9 mm^2^ vs supine: 426.1 ± 82.0 mm^2^, *P* = 0.866; upright: 0.44 ± 0.08 vs supine: 0.42 ± 0.08, *P* = 0.096; Figs. [8](#F8){ref-type="fig"}, [9](#F9){ref-type="fig"}; Table [3](#T3){ref-type="table"}). Conversely, the area and degree of flattening of the aorta were not significantly different between CT examinations at all 3 levels (Fig. [8](#F8){ref-type="fig"}, Table [3](#T3){ref-type="table"}).

![Area of vessels. When comparing the upright position with the supine position, the area of the vena cava (A) was smaller at the SVC; the area was not significantly different at the level of the diaphragm; and the area was larger at the iliac bifurcation of IVC. The area of the aorta (B) was similar at all 3 levels. ST indicates sinotubular. Box plot shows the 5th and 95th (vertical lines), 25th and 75th (Boxes), and 50th (horizontal line) percentile values for the area of vena cava and aorta. \**P* \< 0.001.](rli-55-73-g010){#F8}

![Difference of area and flattening of the vena cava at 3 levels. At the superior vena cava, directly below the junction of the bilateral cephalic vein, the area was 143 mm^2^ in supine CT (A) and 51 mm^2^ in upright CT (D) (64% smaller). The flattening was 0.12 in supine CT (A) and 0.38 in upright CT (D) (3.2-fold increase). At the vena cava, at the level of the diaphragm, the area was 286 mm^2^ in supine CT (B) and 259 mm^2^ in upright CT (E). The flattening was 0.51 in supine CT (B) and 0.58 in upright CT (E). At the inferior vena cava, directly above the iliac bifurcation, the area was 199 mm^2^ in supine CT (C) and 241 mm^2^ in upright CT (F) (21% larger). The flattening was 0.3 in supine CT (C) and 0.1 in upright CT (F) (66% decrease).](rli-55-73-g011){#F9}
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Area and Flattening of Vena Cava and Aorta

![](rli-55-73-g012)

Both the bladder neck and anorectal junction descended significantly in the standing position compared with the supine position (9.4 ± 6.0 mm and 8.0 ± 5.6 mm, respectively, both *P* \< 0.001; Figs. [10](#F10){ref-type="fig"}, [11](#F11){ref-type="fig"}; Table [4](#T4){ref-type="table"}); these differences remained when men and women were examined separately (both *P* \< 0.001; Table [4](#T4){ref-type="table"}). The bladder showed greater deviation between the supine and standing positions in women, compared with that in men (12.2 ± 5.2 mm in women vs 6.7 ± 5.6 mm in men, *P* = 0.006); however, there was no significant difference in deviation of the anorectal junction (9.1 ± 5.7 mm in women vs 6.9 ± 5.4 mm in men, *P* = 0.196; Table [4](#T4){ref-type="table"}).

![Position of pelvic floor. Both bladder neck (A) and anorectal junction (B) descended significantly in the standing position compared with the supine position. Box plot shows the 5th and 95th (vertical lines), 25th and 75th (Boxes), and 50th (horizontal line) percentile values for the position of bladder neck and anorectal junction. \**P* \< 0.001.](rli-55-73-g013){#F10}

![Difference in position of the pelvic floor. The distance from bladder neck to PC line (A) was 25 mm in the supine position (A), but 10 mm in the upright position (B) (15 mm descent). The distance from anorectal junction to PC line (B) was 12 mm in the supine position (A), but 20 mm in the upright position (B) (8 mm descent). Both bladder neck and anorectal junction descended significantly in the standing position compared with the supine position. A, From bladder neck to PC line. B, From anorectal junction to PC line. Dotted line indicates PC line (pubococcygeal line); black line, bladder neck; white line, anorectal junction.](rli-55-73-g014){#F11}
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Position and Deviation of Pelvic Floor

![](rli-55-73-g015)

Interobserver and intraobserver agreements were substantial in all measurements (0.884--0.999; Tables [3](#T3){ref-type="table"}, [4](#T4){ref-type="table"}).

Images of Patients
------------------

### Case 1

A 63-year-old woman presented with a 3-month history of low-back pain and sciatic pain affecting the right leg. She had full strength in her legs and normal sensation to light touch and a pin prick. Her symptoms worsened with standing and walking, and she could not walk more than 100 m without rest. Sagittal and axial CT in the supine position showed spondylolisthesis between the L4 and L5 vertebrae and lumbar foraminal stenosis, which proved more remarkable in the standing position (Fig. [12](#F12){ref-type="fig"}). This change in the spinal canal space and foramen with posture explained the intermittent claudication with lumbar spondylolisthesis. Due to unstable foraminal stenosis based on her posture, interbody fusion after decompression at L4/5 was performed. She showed complete recovery from her symptoms.

![A case of spondylolisthesis. Supine CT showed spondylolisthesis between the L4 and L5 vertebrae in the reconstructed midsagittal image (A), and foraminal stenosis in the parasagittal image at the level of foramen (B) and the axial image (C). Upright CT showed a marked increase of stenosis in the spinal canal (D) and foramen (E and F).](rli-55-73-g016){#F12}

### Case 2

A 75-year-old woman presented with suspected pelvic floor prolapse. The patient had undergone a total abdominal hysterectomy 25 years prior. She came to our hospital with a complaint of genital swelling in the standing position, which had persisted for 5 years. The bladder prolapse was not detected on conventional supine CT but was detected on upright CT (Fig. [13](#F13){ref-type="fig"}). Based on the findings of upright CT, the patient underwent a tension-free vaginal mesh operation and her swelling was reduced.

![A case of pelvic floor prolapse. Bladder prolapse was not detected on conventional supine CT (A), but was detected on upright CT (B, arrow).](rli-55-73-g017){#F13}

### Case 3

A 68-year-old man presented with left inguinal swelling and discomfort. Conventional supine CT showed a mild left inguinal hernia that consisted of fat tissue only (Fig. [14](#F14){ref-type="fig"}A). Upright CT showed more apparent inguinal hernia that consisted of small intestine and fat tissue (Fig. [14](#F14){ref-type="fig"}B). There was a considerable difference in the size of the hernia orifice between the results of the 2 imaging modalities. The patient underwent inguinal hernia repair and is now symptom free.

![A case of inguinal hernia. Conventional supine CT shows mild left inguinal hernia (A, dot line, size of hernia orifice is 16.0 mm), and the hernia content is fat tissue only (A, arrow). Upright CT shows more apparent inguinal hernia (B, dot line, size of hernia orifice is 32.1 mm), and the hernia contents include small intestine and fat tissue (B, arrow).](rli-55-73-g018){#F14}

DISCUSSION
==========

Cross-sectional imaging in the supine position is useful for the evaluation of organic diseases, such as infectious diseases, cancer, and atherosclerotic disease; for the evaluation of many functional diseases, cross-sectional imaging in the standing position is necessary. However, imaging in the standing position with a feasible examination time and a sufficient spatial resolution has not yet been available. Thus, both normal control data and patient data have not been well evaluated.

Our phantom study showed that noise characteristics, spatial resolution, and CT numbers of upright CT were comparable to those of conventional supine CT, even when the gantry was arranged in a horizontal position. This indicated that upright CT could be used as a quantitative evaluation tool, in addition to conventional CT.

Our questionnaire survey in the volunteer study showed that all volunteers were subjectively able to maintain stability throughout the acquisition; most also reported feeling safe and comfortable throughout the upright CT examination. Based on these results, the use of pole and a knee-high acrylic wall encircling the body were effective. To support patients who are frail or elderly, a Velcro band can be attached to the pole and loosely wrapped around a patient\'s body. In this study, the subjects were healthy volunteers and patients who were neither frail nor elderly; thus, we did not use the Velcro band.

Our volunteer study showed that the total access time was significantly shorter in upright CT than in supine CT. The access style of upright CT is the same as that of the plain x-ray examination obtained in a standing position. In this study, we obtained 2 scout views and 1 main scan, all with nearly equal acquisition time. Two scout views were obtained to ensure the accuracy of patient positioning in the upright CT scanner; however, with acclimation, only one view should suffice, which would decrease the total operation time by one third. The benefits of CT over plain x-ray for lung screening have been verified.^[@bib25]^ Thus, in facilities converting from plain x-ray to CT as the main modality for lung screening, upright CT will further enhance the benefits of this conversion. In addition, from a patient\'s perspective, the reduction of access time may be related to the finding in the questionnaire survey that most volunteers felt comfortable during the upright CT examination.

Our volunteer study found that gravity affected the area of the vena cava differently depending on position; the area was smaller at the SVC, unchanged at the level of the diaphragm, and larger at the IVC in standing position, whereas the area of the aorta remained similar at the 3 different levels. Several studies have evaluated changes of diameter in only the IVC between supine and lateral positions using ultrasonography^[@bib26]--[@bib28]^; however, to the best of our knowledge, none has evaluated the change in area of the entire circulation system, including SVC or aorta, between supine and standing positions. The different effects that gravity has on the aorta and vena cava may be due to differences between their vessel walls; the aorta has an elastic wall, whereas the vena cava has a nonelastic wall. The change that we observed in the area of the vena cava is consistent with simulation data that showed low hydrostatic pressure in the upper body and a gradual increase in the lower body.^[@bib29]^ The vein of the upper body in the upright position is considered to be restricted where the static pressure is lower than that in the diaphragm, whereas the vein is considered to be dilated in the lower body where the static pressure is higher. Upright CT might simplify the estimation of the static pressure of the venous system by omitting the need for simulation.

Another simulation study reported that patients with heart failure have high intravenous pressure in the upper body.^[@bib30]^ In daily practice, chest x-ray is used routinely during early evaluation of the enlargement of SVC and IVC borders in such patients. Upright CT can potentially detect slight changes in these vessel volumes, especially SVC. It may be useful in early detection or quantification of the severity of heart failure, compared with plain x-ray. This type of device could help to further elucidate the pathophysiology of the human venous system and could support new concepts in phlebology. Indeed, we have begun studies incorporating enhanced CT in both supine and upright positions to evaluate the effects of gravity on intracranial veins, pulmonary veins, and peripheral veins, and have observed various changes in the venous system.

We also found that the pelvic floor descended in the standing position compared with the supine position. Few studies have evaluated the effects of gravity on the pelvic floor.^[@bib10],[@bib31]^ Previous studies using MRI reported that there was no difference in the position of the female pelvic floor between sitting and supine positions,^[@bib31]^ and that straining in the supine position caused descent of the bladder neck (7 mm in men and 10 mm in women) and the anorectal junction (12 mm in men and 11 mm in women).^[@bib23]^ Our study demonstrated that the effect of gravity in the standing position is different from the effects previously reported in the sitting position, and that a similar change due to straining also occurs when standing. Furthermore, the tendency of the bladder neck to descend was more prominent in women than in men. Women are known to be at higher risk of pelvic floor dysfunction.^[@bib32],[@bib33]^ Our results show that the female pelvic floor surrounding the bladder is actually lax, which may explain the predominance of urinary incontinence in women.

We described 3 cases of patients with spondylolisthesis, bladder prolapse, and inguinal hernia, respectively, to demonstrate the potential clinical impact of upright CT. All 3 patients described frequent diseases that demonstrated more relevant symptoms or abnormal findings in the standing versus supine position. Spondylolisthesis is a spinal pathology frequently diagnosed in the elderly^[@bib34]^; pelvic floor prolapse is a common genitourinary disorder affecting close to one third of all women older than the age of 40 years^[@bib35],[@bib36]^; and inguinal hernia is a common condition among men that increases substantially with age.^[@bib37]^ Thus far, although the objective diagnosis and grading of these diseases, as well as assessments of the clinical significance of abnormal findings (in relation to patients\' symptoms), are essential for appropriate clinical care and accurate outcome studies, these diseases have not been well evaluated by imaging in the supine position.^[@bib38]--[@bib47]^ For example, it is reported that supine MRI evaluations of canal stenosis and disk herniation have high false-positive and high false-negative rates, respectively.^[@bib39]--[@bib41]^ In patients with pelvic organ prolapse, the decision of whether to proceed with a transvaginal or a transabdominal approach depends on which organ is affected and the degree of prolapse, as well as patient and surgeon preference^[@bib42]^; thus, dynamic supine MRI evaluation was expected to provide integral information in the preoperative assessment. However, there are variations in the sensitivity of dynamic MRI for pelvic organ prolapse,^[@bib43],[@bib44]^ and dynamic MRI does not correlate well with clinical findings in patients with middle compartment prolapse.^[@bib45]^ Randomized controlled trials of inguinal hernia have reported that watchful waiting for minimally symptomatic or asymptomatic types is safe.^[@bib48]--[@bib50]^ However, because inguinal hernias often reduce when affected patients assume the supine position, conventional imaging has not been used for preoperative assessment of inguinal hernia.^[@bib46],[@bib47]^ Thus, the evaluations of these diseases largely depend on inspection or integrated interviews by experts, in addition to conventional imaging.

Some studies have reported the use of upright MRI in the evaluation of spondylosis and pelvic floor prolapse,^[@bib13],[@bib51],[@bib52]^ and the use of prone position CT images in evaluation of inguinal hernia.^[@bib53]^ However, upright MRI with an open configuration has a lower image quality and requires a longer examination time than conventional MRI; moreover, it is often difficult to scan the targeted anatomical structure in the optimal plane.^[@bib12],[@bib13]^ The prone position is not a natural posture in daily activities. Although its soft tissue contrast is less than that of MRI, upright CT has a higher spatial resolution with 3-dimensional acquisition of targeted structures and a shorter examination time than upright MRI. Upright CT also can show the daily progression of disease in a manner that differs from that of prone CT. In this study, upright CT scans revealed that the finding of lumbar foraminal stenosis was closely related to symptoms in a patient with spondylolisthesis; moreover, these scans enabled objective diagnosis and grading of patients with bladder prolapse and inguinal hernia, in a manner not apparent when using conventional CT. Thus, the use of upright CT may aid in selecting and formulating the most appropriate treatment matched to the grade of each patient, and may also facilitate more definitive decisions regarding the need or timing for surgery.

There were several limitations in this study. First, the sample size in the volunteer study was small, and it was a single-institution study. A study with a larger sample size and/or a multicenter study is needed to better clarify differences related to age, sex, and birth history. Second, we used unenhanced CT in this study, whereas enhanced CT is generally used for the evaluation of vessels. However, the administration of contrast material may affect circulation status; thus, by using unenhanced scanning, we were able to obtain data that more closely reflected natural vessel size. Third, although we have demonstrated the potential clinical impact in a small subset of patients, further studies with larger patient populations are necessary to confirm the clinical usefulness of upright CT. Such studies are currently underway at our institute. Although all volunteers subjectively reported that stability was good, objective data (eg, spatial resolution in comparisons of upright and supine scans) are necessary to fully evaluate the subjects\' stability.

In conclusion, the physical characteristics of upright CT were comparable to those of conventional CT in the phantom study. Upright CT was useful in clarifying the effects of gravity on the entire human body. Gravity differentially affected the volume and shape of the vena cava depending on position, while the aorta volume and shape remained constant regardless of position. This modality offers anatomic visualization of physiologic changes in a large venous system and may allow studies of the effects of position and gravity in cardiovascular manifestations of disease. The pelvic floor descended significantly in the standing position, compared with the supine position. Descent of the bladder neck was more significant in women than in men, which may influence the predominance of urinary incontinence in women. In addition, upright CT clarified abnormal findings of common functional diseases that were not apparent on conventional CT; moreover, it showed the potential for enabling the objective diagnosis and grading of these diseases, as well as determining the clinical significance of abnormal findings in such diseases, which have largely depended on expert experience rather than set guidelines.
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